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Final  Report  for  Plant  Biofilm  Inhibitors  to  Discover  Biofilm  Genes 

ABSTRACT 

To  control  biofilms,  we  have  synthesized  the  natural  biofilm  inhibitor  (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone  from  the 
red  alga  Delisea  pulchra  and  detennined  that  it  functions  by  disrupting  quorum  sensing  in  Vibrio  harveyi  by  blocking  all  three  channels  of 
the  V.  harveyi  quorum  sensing  system  by  rendering  the  quorum  sensing  master  regulator  protein  LuxR  unable  to  bind  to  the  promoter 
sequences  of  quorum  sensing-regulated  genes.  We  have  also  discovered  other  inhibitors  of  cell  signaling  including  indole,  hydroxy 
indoles,  and  fluorouracil.  We  found  indole  is  an  interspecies  signal  that  decreases  E.  coli  biofilms  through  SdiA  and  increases  the  biofilms 
of  pseudomonads.  Importantly,  we  found  that  indole  reduces  the  virulence  of  P.  aeruginosa  by  decreasing  quorum  sensing  phenotypes.  In 
addition,  we  discovered  uracil  is  a  new  second  messenger  in  the  cell  which  led  to  the  discovery  the  fluorouracil  is  a  potent  anti-biofilm  and 
anti-virulence  compound.  We  also  detennined  the  role  of  prophage  in  the  biofilm  formation  of  E.  coli,  focused  on  to xin/anti toxins  systems 
to  show  how  they  are  related  to  persister  cell  formation  and  to  show  for  the  first  time  they  are  related  to  biofilm  formation,  and  engineered 
some  biofilm  regulators  so  that  biofilm  formation  may  be  controlled  by  rewiring  cellular  metabolism. 
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Scientific  Progress 


In  the  most  recent  year,  we  have  primarily  linked  quorum  sensing  by  AI-2  to  the  development  of  biofilm  formation  and  persister 
cell  formation  (cells  resistant  to  antibiotics  that  arise  not  through  genetic  change)  through  a  novel  toxin/antitoxin  system 
MqsR/MqsA  that  we  discovered  as  regulated  during  biofilm  formation.  To  determine  how  this  toxin  MqsR  functions,  we  isolated 
MqsR  and  MqsA  and  determined  the  X-ray  crystallography  structure  of  both  the  toxin  and  the  antitoxin;  this  three-dimensional 
structure  revealed  MqsR  is  a  novel  RNase.  In  addition,  we  determined  a  new  paradigm  for  the  control  of  toxin/antitoxin 
modules:  antitoxins  may  regulate  not  only  their  own  synthesis  but  also  control  other  toxin  genes  such  as  CspD  (disrupts  the 
membrane);  this  is  the  first  example  of  a  toxin/antitoxin  pair  regulating  more  than  one  loci.  We  also  showed  that  deletion  of 
mqsR  results  in  reduced  persister  cell  formation  and  this  is  only  the  second  time  a  phenotype  has  been  associated  with  a  toxin 
gene.  We  are  also  the  first  lab  to  link  toxin/antitoxin  systems  to  biofilm  formation. 

In  addition,  in  the  past  year  we  have  linked  for  the  first  time  a  tyrosine  phosphorylase  (encoded  by  tpbA)  to  c-di-GMP  and 
biofilm  formation  in  P.  aeruginosa.  The  tpbA  mutant  displays  pleiotropic  phenotypes  such  as  hyper-biofilm  formation,  enhanced 
EPS  production,  altered  colony  morphology,  increased  aggregation,  elevated  c-di-GMP,  and  abolished  swarming.  Loss  of  an 
uncharacterized  GGDEF  protein,  PA1 120  (TpbB),  suppressed  these  phenotypes,  indicating  that  TpbA  controls  c-di-GMP 
production  through  TpbB.  Therefore,  the  mechanism  for  QS-control  of  biofilm  formation  has  been  extended  to  include  a  novel 
phosphatase  (TpbA),  a  diguanylate  cyclase  (TpbB),  and  c-di-GMP;  hence,  the  predicted  additional  level  of  control  of  the  pel 
polysaccharide  locus  has  been  identified  and  involves  c-di-GMP  as  controlled  by  a  tyrosine  phosphatase. 

In  the  past  year  we  have  also  determined  how  OmpA  controls  biofilm  formation  in  E.  coli.  OmpA  influences  biofilm  formation 
differently  on  hydrophobic  and  hydrophilic  surfaces  since  it  represses  cellulose  production  which  is  hydrophilic.  A 
whole-transcriptome  study  revealed  that  OmpA  induces  the  CpxRA  two-component  signal  transduction  pathway  that  responds 
to  membrane  stress  and  through  this  pathway  cellulose  production  is  affected.  Cellulose  is  an  important  component  in  biofilm 
formation  and  virulence. 

Over  the  course  of  the  past  year,  we  also  determined  how  prophage  influence  biofilm  formation.  In  E.  coli,  we  found  defective 
prophage  are  involved  in  host  physiology  via  Hha  and  in  biofilm  formation  by  generating  a  diversified  population  with 
specialized  functions  in  terms  of  motility  and  nutrient  metabolism. 

This  year  we  also  began  to  design  engineered  regulators  to  control  biofilm  formation  based  on  our  progress  on  understanding 
how  biofilm  forms  at  the  genetic  level.  SdiA  is  a  homolog  of  quorum-sensing  regulators  that  detects  N-acylhomoserine  lactone 
(AHL)  signals  from  other  bacteria.  Escherichia  coli  uses  SdiA  to  reduce  its  biofilm  formation  in  the  presence  of  both  AHLs  and 
its  own  signal  indole.  We  reconfigured  SdiA  (240  aa)  to  control  biofilm  formation  using  protein  engineering  by  creating  four 
SdiA  variants  including  SdiAIEII  (F7L,  F59L,  Y70C,  M94K,  and  K153X)  and  SdiA14C3  (W9R,  P49T,  N87T,  frame  shift  at  N96, 
and  L139X)  which  reduced  biofilm  formation  by  5-  to  20-fold  compared  to  wild-type  SdiA  in  the  presence  of  endogenous  indole. 
Whole-transcriptome  profiling  revealed  that  wild-type  SdiA  reduced  biofilm  formation  by  repressing  genes  related  to  indole 
synthesis  and  curli  synthesis,  compared  to  no  SdiA,  while  variant  SdiAIEII  induced  genes  related  to  indole  synthesis 
compared  to  wild-type  SdiA.  These  results  were  confirmed  by  altered  indole  metabolism  since  variant  SdiAIEII  produced 
9-fold  more  indole  which  led  to  reduced  swimming  motility  and  cell  density.  Hence,  wild-type  SdiA  decreased  biofilm  formation 
by  reducing  curli  production  and  motility,  and  SdiAIEII  reduced  biofilm  formation  further  via  indole.  Furthermore,  an 
AHL-sensitive  variant  (SdiA2D10  having  four  mutations  at  E31G,  Y42F,  R1 16H,  and  L165Q)  increased  biofilm  formation  7-fold 
in  the  presence  of  N-octanoyl-DL-homoserine  lactone  and  N-(3-oxododecatanoyl)-L-homoserine  lactone.  Therefore,  SdiA  can 
be  evolved  to  increase  or  decrease  biofilm  formation,  and  biofilm  formation  may  be  controlled  by  altering  sensors  rather  than 
signals. 

Previously,  to  control  biofilms,  we  have  synthesized  the  natural  biofilm  inhibitor  (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H) 
-furanone  from  the  red  alga  Delisea  pulchra  and  determined  that  it  functions  by  disrupting  quorum  sensing  in  Vibrio  harveyi  by 
blocking  all  three  channels  of  the  V.  harveyi  quorum  sensing  system  by  rendering  the  quorum  sensing  master  regulator  protein 
LuxR  unable  to  bind  to  the  promoter  sequences  of  quorum  sensing-regulated  genes.  We  have  also  continued  to  study  the 
effect  of  furanones  on  Bacillus  anthracis  with  our  collaborator  Prof.  Ranjan  Srivastava  at  the  University  of  CT.  In  addition,  we 
utilized  the  furanones  to  protect  gnotobiotic  brine  shrimp  from  pathogenic  bacteria. 

Beyond  furanones,  we  have  also  discovered  other  inhibitors  of  cell  signaling  including  indole/hydroxy  indoles  and  5-fluorouracil; 
these  discoveries  led  to  the  initiation  of  two  patent  disclosures  through  Texas  A  &  M  University.  We  found  indole  is  an 
quorum-sensing  signal  that  decreases  E.  coli  biofilms  through  SdiA  and  increases  the  biofilms  of  pseudomonads.  We  also 
showed  that  indole  works  primarily  as  a  signal  while  E.  coli  is  outside  the  human  host  and  AI-2  works  as  a  signal  while  E.  coli  is 
inside  the  human  host.  In  addition,  we  found  indole  may  be  manipulated  to  control  biofilm  formation  by  oxygenases  of  bacteria 
that  do  not  synthesize  it  in  a  dual-species  biofilm.  Furthermore,  E.  coli  changes  its  biofilm  in  response  to  signals  it  cannot 
synthesize  (homoserine  lactones),  and  pseudomonads  respond  to  signals  they  do  not  synthesize  (indole).  This  promiscuous 
signal  indole  (made  by  E.  coli  but  affecting  P.  aeruginosa)  was  found  to  decrease  many  of  the  P.  aeruginosa  virulence  factors; 
hence,  indole  has  potential  for  reducing  the  pathogenicity  of  this  organism  much  like  the  way  we  found  hydroxyindoles 
decrease  biofilm  and  pathogenicity  of  enterohemorrhagic  Escherichia  coli  0157:H7  (EHEC). 


In  both  E.  coli  and  P.  aeruginosa,  we  simultaneously  discovered  that  uracil,  the  building  block  of  mRNA,  serves  as  an 
intracellular  second  message  that  regulates  quorum-sensing  phenotypes.  In  P.  aeruginosa,  we  found  the  importance  of  uracil 
by  screening  5850  transposon  mutants.  If  the  cell  could  not  make  uridine  monophosphate,  then  the  quorum  sensing 
phenotypes  of  elastase,  pyocyanin,  rhamnolipids,  swarming  and  PQS  were  nearly  completely  abolished.  This  led  to  the 
discovery  of  5-fluorouracil  as  a  anti-virulence  treatment  against  P.  aeruginosa  and  E.  coli  that  does  not  affect  their  growth  (this 
compound  is  already  approved  for  human  use  since  it  is  used  also  to  combat  cancer).  Hence,  another  new  compound  (like 
indole)  was  found  that  inhibits  how  bacteria  communicate  without  affecting  growth  so  there  is  likely  to  be  resistance  to  it. 

In  addition,  we  also  published  the  first  report  that  linked  toxin-antitoxin  systems  to  biofilm  formation  by  determining  that  the 
global  regulator  Hha  of  E.  coli  decreases  biofilm  formation  by  both  repressing  fimbriae  formation  and  by  inhibiting  rare  tRNA 
synthesis  which  leads  to  activation  of  dormant  phage  killer  genes  (prophage).  Hence,  we  found  the  physiological  importance  of 
why  the  cell  harbors  cryptic  prophage  genes. 
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